Background: Atg3 is an E2-like enzyme in the Atg8 system, an autophagy-related ubiquitin-like conjugation system. Results: Atg3 is localized to the isolation membrane, which is an intermediate structure of an autophagosome. Conclusion: Atg3 is likely to play an important role in autophagosome formation at the isolation membrane. Significance: This result provides new insights into the role of the ubiquitin-like system in organelle biogenesis.
Macroautophagy (herein after referred to as autophagy) is a catabolic process, conserved throughout eukaryotes, in which cytoplasmic constituents are degraded in the vacuole/lysosome during severe environmental conditions. The degradative products are subsequently reused in biosynthetic reactions critical for survival. This self-eating process can be up-regulated under conditions such as nutrient deprivation or rapamycin treatment that inhibit the target of rapamycin complex 1 (1) . Upon induction of autophagy, a perivacuolar structure termed the pre-autophagosomal structure (PAS) 2 (2) (3) (4) (5) (6) , to which most autophagy-related (Atg) proteins are localized, generates an isolation membrane (IM). Eventually, the IM elongates to form a characteristic double-membrane autophagosome enclosing cytoplasmic materials designated for degradation (7) . The autophagosome fuses with the outer membrane of the vacuole to discharge a cargo-loaded single-membrane structure (termed the autophagic body) into the vacuolar lumen (8) .
Among the 19 Atg proteins required for autophagosome formation in Saccharomyces cerevisiae, Atg8 has been used as a reliable marker for monitoring the progression of autophagy (9) . Microscopic analysis has demonstrated that Atg8 is localized to the PAS, IM, complete autophagosome, and the autophagic body (2, 9, 10) . Atg8 is conjugated to the phospholipid phosphatidylethanolamine (PE) by a ubiquitin-like conjugation system (termed the Atg8 system) to produce Atg8-PE (11, 12) . Translated Atg8 is initially cleaved by the cysteine protease Atg4 (13) prior to its binding with the homodimeric E1-like activating enzyme Atg7 (14) . Activated Atg8 is transferred from Atg7 to the E2-like enzyme Atg3 (15) and ultimately attached to the amino group of PE by interacting with the E3-like Atg16⅐Atg5-Atg12 complex (16, 17) . This reaction is referred to as Atg8 lipidation. Atg8-PE plays a role in mediating membrane tethering and hemifusion activities in vitro, suggesting that Atg8 lipidation is important for IM expansion (18) .
Although Atg8 lipidation is believed to be critical for autophagosome membrane expansion, the intracellular site of Atg8 lipidation remains unknown. With the goal of determining where Atg8 lipidation occurs, we focused on the E2-like enzyme Atg3, which is catalytically sufficient for Atg8-PE formation in vitro (19) . However, to date no report has described the intracellular localization of Atg3.
For this study, we constructed N and C terminally GFPtagged Atg3 constructs; however, neither of these fusion pro-teins complemented the autophagic defect of atg3⌬ cells. Taking advantage of the known protein structure of S. cerevisiae Atg3 (20) , we inserted the GFP sequence just after a unique long ␣-helix domain of Atg3 that interacts with Atg8, termed the handle region. This construct could complement the autophagic defect in atg3⌬ cells. This GFP-tagged Atg3 (Atg3-GFP) formed perivacuolar dots, which were also labeled with 2ϫ mCherry-tagged Atg8 (Ch-Atg8) during autophagy. Next, we visualized the IM under a fluorescence microscope and found that Atg3-GFP is localized to the IM, supporting the idea that Atg3 is involved in autophagosome formation at the IM.
EXPERIMENTAL PROCEDURES
Strains, Media, and Growth Conditions-The yeast strains used in this study were SEY6210 (MAT␣ lys2 suc2 his3 leu2 trp1 ura3) (21), KVY113 (SEY6210; atg3⌬::LEU2) (2), GYS638 (SEY6210; leu2⌬::mRFP-APE1(LEU2)) (22), GYS973 (SEY6210; leu2⌬::2ϫmCherry-ATG8(hphNT1)) (10), and GYS1156 (GYS638; ypt7⌬::kanMX). To generate strain GYS1156, the ypt7⌬:: kanMX fragment was amplified from the disruptant in laboratory stocks and used for transformation. All strains were grown in a synthetic dextrose casamino acid medium (SDCA; 0.67% Difco yeast nitrogen base without amino acids, 0.5% Bacto-casamino acids, and 2% glucose supplemented with the appropriate nutrients for plasmid selection) or in complex rich medium (YPD; 1% Bacto-yeast extract, 2% Bacto-peptone, and 2% glucose). Amplification of plasmids was carried out in Escherichia coli cells grown in LB medium (1% Bacto-tryptone, 0.5% Bacto-yeast extract, 1% NaCl). As appropriate, ampicillin or kanamycin were added to the LB medium at concentrations of 60 or 50 g/ml, respectively.
Cloning of the ATG3 Gene-The ATG3 open reading frame with flanking regions was amplified by polymerase chain reaction with the YGPM26m03 plasmid (Yeast Genomic Tiling Collection, Open Biosystems) as the template (23), and then cloned into plasmid pRS316 (24) to generate pRS316[ATG3] (pYO3221). GFP-fused Atg3 (Atg3-GFP) constructs were generated by insertion of BamHI restriction sites using QuikChange site-directed mutagenesis. Following BamHI digestion, a GFP sequence excised from pRS316[GFP-ATG8] (2) was ligated into the BamHI-digested plasmids. The resultant plasmids were confirmed by DNA sequencing.
Western Blot Analysis-Western blot analysis was performed as previously described (25) . Harvested cells were subjected to the alkaline lysis method (26) . Cell lysates equivalent to 4 ϫ 10 5 cells were loaded in each lane of SDS-PAGE gels. Anti-Ape1 or anti-Atg3 antisera were used as primary antibodies (11, 27) . Horseradish peroxidase-conjugated anti-rabbit antibody was used as the secondary antibody. Chemiluminescence signals produced by an ECL reagent (ECL Prime Western blotting Detection System, GE Healthcare) were detected on an IR-LAS 1000 imaging system (Fujifilm).
Fluorescence Microscopy-Localization of Atg3 was visualized in atg3⌬ cells carrying the pRS316[ATG3-GFP] plasmid (pYO3223). For visualization of Atg8, plasmid pRS314[2ϫ mCherry-ATG8] or pRS316[GFP-ATG8] was used (2, 28) . Cells were cultured in SDCA medium, treated with 1 g/ml of rapamycin (1 mg/ml stock dissolved in dimethyl sulfox-ide), and cultured at 30°C. Cells were harvested, spun at 10°C in a microcentrifuge, and subjected to fluorescence microscopy. Vacuolar membranes were visualized using the styryl dye FM4 -64, as described previously (27) . Isolation membranes were visualized by overexpression of prApe1 from the pRS424[P cup1 -prApe1] plasmid in 2ϫ mCherry-Atg8 expressing strain (GYS973) as previously described (10) . Fluorescence microscopy was performed using an IX83 inverted system microscope (Olympus) equipped with a UPlanSApo ϫ100/1.40 Oil (Olympus) and a CoolSNAP HQ CCD camera (Nippon Roper). U-FGFP and U-FMCHE filter sets (Olympus) were used for GFP and mRFP/mCherry visualization, respectively. Images were acquired using MetaVue imaging software (Molecular Devices). Image processing was performed using Adobe Photoshop version CS 5.1, Illustrator CS version 5.1 (Adobe Software), and Canvas 11 (ACD systems).
RESULTS
Cloning of the ATG3 Gene-We sought to visualize the subcellular localization of Atg3 using GFP-tagged Atg3. Before we generated the GFP-tagged Atg3 construct, we cloned the open reading frame of ATG3 with upstream and downstream flanking sequences into expression vector pRS316. By Western blot analysis with anti-Atg3 antiserum, we detected Atg3 expressed from the plasmid as a band between the 37-and 50-kDa markers, as in wild-type cells ( Fig. 1A, upper panels) . Next, we examined the functionality of Atg3 by monitoring recovery of Ape1 maturation in atg3⌬ cells. The premature form of Ape1 (prApe1) is delivered into the vacuole by autophagic pathways: the Cvt pathway under nutrient-rich conditions, and autophagy under starvation conditions (29) . In both pathways, prApe1 is processed into its mature form (mApe1) by vacuolar hydrolases. The conversion from prApe1 to mApe1 can be monitored by Western blotting with anti-Ape1 antiserum; two protein bands with molecular masses of ϳ60 and 50 kDa correspond to prApe1 and mApe1, respectively (30) . Ape1 maturation was restored in atg3⌬ cells carrying the pRS316[ATG3] plasmid, regardless of culture conditions ( Fig. 1A , lower panels), indicating that Atg3 expressed from pRS316[ATG3] can complement the autophagic defect of atg3⌬ cells.
Construction of Functional GFP-tagged Atg3 Protein-We examined N and C terminally GFP-fused Atg3 constructs, but both failed to rescue defects in autophagy (data not shown). We concluded that a GFP tag at either terminus of Atg3 yielded a non-functional protein that would be inappropriate for use in this study. Therefore, we screened for permissive sites for GFP insertion, referring to structural information obtained previously for S. cerevisiae Atg3 (20) . In particular, we evaluated three GFP insertion sites C-terminal to the handle region of Atg3: (I) Asp 265 /Gly 266 , (II) Asp 269 /Trp 270 , and (III) Asp 276 / IIe 277 (Fig. 1B) . Western blot analysis with anti-Atg3 antiserum revealed that all three internally GFP-tagged Atg3 proteins were expressed in atg3⌬ cells (Fig. 1C, upper panels) , and monitoring of Ape1 maturation revealed that all three were functional. atg3⌬ cells carrying plasmids (I) or (II) exhibited Ape1 maturation at levels comparable with the wild-type control (Fig. 1C, lower panels) . We chose plasmid (I) for microscopic analysis, and hereafter refer to the encoded protein as Atg3-GFP.
Atg3 Is Detected as a Dot on the Vacuolar Membrane during Autophagy-We investigated the subcellular localization of Atg3-GFP by fluorescence microscopy. Under nutrient-rich conditions, Atg3-GFP diffused throughout the cytoplasm ( Fig.  2A) . When autophagy was induced by treatment of cells with rapamycin, Atg3-GFP accumulated in a single dot in each cell ( Fig. 2A) . To determine the localization of the dot, the vacuolar membrane was stained with FM4 -64, revealing that Atg3-GFP was present in a single punctate structure attached to the vacuolar membrane (Fig. 2B) . Next, we observed the dynamics of Atg3-GFP over a time course following rapamycin treatment. Dot formation reached a peak at 45 min after rapamycin treatment, and then dramatically decreased to the basal level within 120 min (Fig. 2C) .
Atg3 Accumulates at the Pre-autophagosomal Structure during Autophagy-During autophagy, Atg3-GFP localized as a dot near the vacuole, similar to most other Atg proteins (5) . To determine whether Atg3-GFP was localized to the PAS, which is detected as a perivacuolar dot and serves as a center for autophagosome formation, we examined the spatiotemporal dynamics of Atg3-GFP and 2ϫ mCherry-tagged Atg8 (Ch-Atg8). First, we monitored the dynamics of Ch-Atg8 before and after rapamycin treatment. Under nutrient-rich conditions, Ch-Atg8 was detected as a dot in ϳ7% of cells (Fig. 3A) , indicating that the Cvt pathway was active under these conditions (31) . Following rapamycin treatment, Ch-Atg8 dot formation reached its peak at 60 min, and then drastically reduced to the basal level within 180 min (Fig. 3, A and B) . This result suggests that Atg8 transiently accumulates at the PAS during autophagy, but this PAS-localized Atg8 is transferred to subsequent autophagic structures and ultimately delivered to the vacuole.
Next, we examined the subcellular localization of the Atg3 dot in cells treated with rapamycin for 45 or 60 min. As expected, the Atg3-GFP dot colocalized with the Ch-Atg8 dot (Fig. 3C ). Among the 44 cells contained both Atg3-GFP and Ch-Atg8 dots, none of the cells containing both kinds of dots exhibited separate localizations. These results indicate that Atg3 localizes to the PAS during autophagy.
Previous studies have shown that monomeric RFP-tagged prApe1 (mRFP-prApe1), which is detected as a perivacuolar dot, is a useful marker for the PAS (27) . Therefore, we asked whether the Atg3-GFP dot colocalized with the dot of mRFP-prApe1. Indeed, in cells treated with rapamycin for 45 min, Atg3-GFP and mRFP-prApe1 were colocalized (Fig. 3D ). This observation supports the finding, described above, that Atg3 resides at the PAS.
Fine Localization Analysis Reveals That Atg3 Is Localized to the IM during Autophagosome Formation-Recently, we reported that overexpression of prApe1 enables visualization of the IM as a cup-shaped structure under the fluorescence microscope (10) . Using this technique, localization of Atg proteins can be categorized into three patterns: a dot at the junction between the IM and the vacuolar membrane, termed the "VICS (vacuole-isolation membrane contact site)" pattern; a cupshaped pattern overlapping extensively with the Ch-Atg8-labeled IM, termed the "IM" pattern; and two or three dots associated with the IM edge, termed the "IM edge" pattern. In prApe1-overexpressing cells, Atg3-GFP clearly exhibited the IM pattern 3 h after rapamycin treatment (Fig. 4A ). This result indicates that Atg3 is localized to the IM during autophagosome formation, and raises the possibility that Atg3 plays a role in autophagosome formation at the IM.
The finding that Atg3-GFP did not label the vacuolar lumen during autophagy (Fig. 2, A and B) suggested that Atg3 dissociates from the IM upon completion of autophagosome formation. Therefore, we examined whether Atg3-GFP was localized to complete autophagosomes by fluorescence microscopy. Ypt7, a Rab GTPase, is required for the fusion of autophagosomes to the vacuole (9). To accumulate autophagosomes, ypt7⌬ cells were used. Because prApe1 is efficiently enclosed in autophagosomes during autophagy (29), we used mRFP-prApe1 as an autophagosome marker in this experiment. During autophagy, mRFP-prApe1 was detected as several dots, indicating that autophagosomes accumulated in these cells (Fig. 4B) . GFP-Atg8, another well described autophagosome marker (2), also formed multiple dots in ypt7⌬ cells (Fig. 4B ), and these dots were well colocalized with mRFP-prApe1 dots (Fig. 4, B and C) . By contrast, Atg3-GFP dots were very rarely detected on mRFP-prApe1 dots (Fig. 4, B and C) , suggesting that Atg3 does not concentrate at autophagosomes. Notably, ϳ7% of Atg3-GFP dots were still colocalized with mRFP-prApe1 dots (Fig. 4C ). This is probably because Atg3 is colocalized with mRFP-prApe1 at the PAS (Fig. 3D) . Taken together, our data demonstrate that Atg3 is localized to the IM during autophagosome formation but released into the cytoplasm upon completion of autophagosome formation.
DISCUSSION
The Atg8 lipidation system plays an indispensable role in the formation of autophagosomes. However, the role of Atg8 lipidation in the development of IM remains unresolved. In this study, we found that Atg3 is localized to the PAS during autophagy. Furthermore, fine-localization analysis revealed that Atg3-GFP is localized to the IM during autophagosome formation but absent from complete autophagosomes. Thus, this study provides a novel insight into the role of Atg3 during IM expansion.
Functional Atg3-GFP Is Constructed by Insertion of GFP into Just After the Handle Region-To determine the in vivo localization of Atg3, we constructed functional Atg3-GFP for use in microscopic visualization. Initially, as is conventional, we tested N-and C-terminal GFP insertions, but these proteins were not functional (data not shown). Eventually, we found that proteins containing GFP insertions immediately after the handle region were functional (Fig. 1, B and C) and able to produce fluorescent signals sufficient for detection (Fig. 2, A and B) . GFP tagging at the N terminus might obstruct the interaction of this domain with PE, resulting in functional impairment (32) . Although it is not clear whether the C-terminal domain of Atg3 has an interaction partner, this domain is located very close to the E2-like domain of Atg3 (20) . In the Atg3⅐Atg7 complex, the flexible region of Atg3 is rearranged to interact with a distal groove in the N-terminal domain of Atg7 (33) . Therefore, insertion of GFP after the C-terminal domain might obstruct translocation of the flexible region of Atg3 upon interaction with Atg7. We show here that insertion of GFP just after the handle region yielded Atg3-GFP that retained its activity, but this result does not exclude the possibility of generating functional Atg3-GFP Associates with the IM-Time course analysis revealed that the number of the Atg3-GFP and Ch-Atg8 dots peaked 45-60 min after induction of autophagy by rapamycin. The accumulation curve of Atg3-GFP and Ch-Atg8 dots underwent a steep drop right after the peak (Figs. 2C and 3A) , suggesting that they departed from the PAS. Subsequently, Ch-Atg8 was transported into the vacuole via autophagosomes (Fig. 3B) . Given that a previous study demonstrated that autophagic bodies emerge within the vacuolar lumen ϳ60 min after starvation (8) , it is conceivable that the reduction in Atg8 dots after 60 min corresponds to the onset of autophagosome formation. Although Atg3-GFP was localized to the IM (Fig.  4A) , the vacuolar lumen was not stained with Atg3-GFP during autophagy (Fig. 2, A and B) , suggesting that Atg3 is not selectively enclosed in mature autophagosomes. This hypothesis was supported by colocalization analysis of Atg3-GFP with mRFP-prApe1 using ypt7⌬ cells, which revealed that Atg3 does not accumulate at complete autophagosomes (Fig. 4, B and C) . It is very likely that Atg3 dissociates from the IM when autopha- ypt7⌬ cells were used to accumulate autophagosomes, and mRFP-prApe1 and GFP-Atg8 were used as autophagosome markers. Cells were treated with rapamycin for 3 h before observation. Scale bar, 5 m. C, percentage of mRFP-prApe1 dots colocalized with GFP-Atg8 and Atg3-GFP dots, counted from the images in B; at least 300 mRFP-prApe1 dots were evaluated for each strain. Bars indicate S.D. Asterisk indicates p Ͻ 0.005 (two-tailed Student's t test). gosome formation has been completed. We note that this behavior of Atg3 is similar to that of the Atg16⅐Atg5-Atg12 complex, which acts as the E3-like enzyme in Atg8 lipidation (17) . This complex is localized to the IM, and dissociates when autophagosome formation is completed (10, 34) . Thus, during IM expansion, Atg3 might catalyze the lipidation of Atg8 along with the Atg16⅐Atg5-Atg12 complex.
On the basis of these observations, we propose a model for the dynamics of Atg3 in the formation of autophagosome. Upon induction of autophagy, Atg3-GFP accumulates to the PAS along with Ch-Atg8, suggesting that Atg8 lipidation is facilitated at the PAS. The peak formation of Atg3-GFP and Ch-Atg8 dots suggests that Atg8-PE stays at the PAS until it reaches a threshold level needed for autophagosome formation. Then Atg3-GFP is localized to the IM during IM expansion. Upon completion of autophagosome formation, Atg3 is released into the cytoplasm, whereas Atg8 (along with other cytoplasmic materials) is delivered to vacuole.
In this study, we visualized the cellular distribution of GFPtagged Atg3, and showed that Atg3 exhibits the IM pattern during autophagosome formation. Further analysis will be required to confirm the cellular site where Atg3 catalyzes the lipidation of Atg8.
